Abstract-Holding an object and manipulating it in 6D is a key application for multifingered robot hands. In the past many algorithms were proposed based on a weighted pseudoinverse of the grasp map combined with an internal force control. The majority of these algorithms require robust contact detection/tracking and switching controllers. Employing the virtual object introduced by Stramigioli we present an object-level control law. We define a novel virtual object frame based on the robot hand configuration. Our control law takes a desired object frame and desired grasping forces as input, it is passive, has an intuitive physical meaning, and stability is even given in case a finger looses contact with the object. A damping design as a function of the desired object stiffness and the combined hand-object inertia is presented. The performance of the controller is proven in two experiments implemented on the DLR Hand II.
I. INTRODUCTION
The research in dexterous manipulation with multifingered hands has been addressed by many researchers over the last decades. A very good overview up to the millenium can be found in [1] .
Different controllers have been developed and implemented on the DLR Hand II (Fig. 1 ) on joint-, Cartesian-and objectlevel [2] , [3] . Object-level control has in general the advantages that it is easy to define grasp forces, to compensate for robot and object inertia, to specify external forces acting on the object and to avoid unnecessary high internal forces [4] . The goal of this work was to develop a robust and intuitive control law for object-level manipulation which does not require robust contact detection/tracking. On object-level we command directly object motion without explicitly controlling the tool center points (TCP) of the single fingers or the joint angles. Other requirements for the controller are intrinsic passivity, stability in the case of a finger loosing contact during manipulation, an intuitive physical interpretation, and a damping design w.r.t the desired object-level stiffness and the hand and object inertias.
In [5] Arimoto et al. presented a control law to simultaneously command grasping forces and object orientation for manipulation by a pair of fingers in the plane. Introducing the concept of stability on a manifold the control law was proven to be stable. However, the proposed control law applies only to the manipulation of polygonal 2D objects in a plane with fingers being equipped with hemispherical tips exploiting rolling constraints.
Williams and Khatib proposed the virtual linkage to construct a basis of the nullspace of the grasp map, respectively for internal forces [6] . Combined with the augmented object model, a control structure for constrained motion, active force control operations and internal force control for rigid grasps was shown in [7] .
Schneider and Cannon presented an object-level impedance control law including internal force control [4] . They showed promising experiments for planar manipulations and applied this to an insertion task. The control is based on the weighted pseudoinverse of the grasp map assuming rigid grasps.
Caccavale et al. proposed a joint-level control law in combination with a kinetostatic filter in order to avoid undesired internal forces resulting from the proportional joint error [8] . The kinetostatic filter is based on a weighted pseudoinverse of the grasp map and an additional internal-force controller is added. The different physical meanings of forces and torques require that a certain metric for obtaining an inversion of the grasp map should be used accordingly to [9] . Naniwa and Wada extended the work in [8] with a posture control and studied the control law in experiments with two 3 degrees of freedom (DOF) fingers performing 2D object manipulation [10] .
Yun and Kumar derive a control law for object motion and internal forces in a plane based on feedback-linearization [11] .
Wen and Kreutz-Delgado [12] present control laws on joint-level, Cartesian-level, and for generalized coordinates (e. g. object pose, TCP forces) for multiple-arm systems assuming rigid grasps.
For object manipulation in general the pseudoinverse of the grasp matrix is widely used as proposed in [13] . Bonitz and Hsia use the better suited weighted pseudoinverse [14] . Both cases require the knowledge of the position of the object either from an external sensor (e. g. stereo camera) or from using the net force acting on the object to track its pose using a precise object model.
A different approach is taken by Stramigioli [15] who introduced the concept of a virtual object. Instead of considering actual contact points or detecting contact transitions for force control the fingertips are connected via spatial springs with the virtual object which is additionally connected via the so-called hand configuration spring with a virtual position of the hand. The object pose is determined by considering the net forces and applying these to the virtual object.
Stramigioli used only damping related to the hand configuration spring and not for the fingertip-object connecting springs. If the object is not moving, due to the undamped connecting springs an oscillatory internal motion may occur. We propose to overcome these undesired oscillations by employing dampers parallel to the connecting springs. For passivity reasons we are not shaping the object inertia. Therefore, we need no simulation of the virtual object dynamics.
In this work we propose to define the object pose completely based on the hand configuration. Based on this pose a passivity-based control design is employed yielding to an intrinsically passive control (IPC) to realize object motions and grasp force.
II. SYSTEM MODEL

A. Robot Model
The equations of motion of a robot hand with N fingers and M = 3 DOF per finger are well known [13] :
θ, τ , τ ext ∈ R 3N are the joint angles, the joint torques and the external torque, respectively. M(θ) ∈ R 3N ×3N , C(θ,θ)θ, g(θ) ∈ R 3N represent the joint-level inertia matrix, the centripetal and Coriolis vector and the gravity vector in stacked notation.
In the following derivations we make the following assumptions:
• The contacts of the fingertips with the object behave like point contacts with friction (PCWF).
• The internal forces provided by the controller are chosen to be sufficient such that the friction constraints are fulfilled for all contact points.
• In order to allow 6D object motion the contact between the object and the hand are restricted to the fingertips. • The fingers are never singular during operation.
• The object geometry is convex.
B. Object Frame
To coordinate the finger motion, a virtual object is used similar to [15] . In this work however the object frame is defined uniquely by the positions of the fingertips. We propose a frame which is attached to the center of the fingertip positions
where 
The unitary vector r 3,O is defined perpendicular to this plane and r 2,O is defined such that R O ∈ SO(3) (compare Fig. 2 ):
with the skew-symmetric operator w :
For common convex objects like boxes, cylinders or spheres these singularities pose no problem. If we want to extend to more than four fingers we can make sure that all elements of H O are a function of each finger. The virtual object frame is related to the real object frame if we assume that the relative contact points between the fingertips and the object do not change (neglecting rolling effects).
III. OBJECT-LEVEL CONTROL LAW
Our control law is based on
with D(θ) being a positive definite damping matrix. The desired potential
is composed of the potentials to derive the translational and rotational object stiffness and the connecting stiffness, respectively (compare Fig. 3) . It is well known from the theory of passivity-based control that if we choose V d (θ) to be positive semidefinite we obtain passivity for the closed-loop system. If V d (θ) is positive definite stability of the closed-loop system can be concluded, and for asymptotic stability one can refer to LaSalle's theorem [17] . In the following each summand of V d (θ) is designed to be positive semi-definite.
A. Object-Level Stiffness
The potentials related to the translational and the rotational object stiffness are chosen to be
where x O,des , b are the desired object position and the rotational error represented by the vector part of the unit quaternion [16] , respectively. b is related to R T O R O,des with R O,des specifying the desired object orientation.
represent the translational and rotational stiffness matrices represented in the object frame both chosen to be symmetric and positive definite.
To derive the rotational part of the control law we take the time derivative of V O,r (θ) and use the differential mapping from angular object velocity relative to the base (frame 0) represented in body coordinates (frame O) ω O,0 to the rate of unit quaternions:
On the other hand together with
we can write
where the operator
T . Since expression (10) is linear inθ we can re-parameterize this equation to obtain
In the following the dependence of the Jacobian relationships on θ will be omitted. Inserting equation (11) in (8) and applying the inner product rule it follows thaṫ
The derivation of the translational part starts similarly by considering the time derivative of the potential functioṅ
Looking more precisely at the time derivative in the equation above which we can transform to
using equations (9), (11) and the skew-symmetric identitieŝ v T = −v andvw = −ŵv in the last step. By inserting equation (14) in (13) and evaluating
N I 3N×3 and recognizing the hand Jacobian represented in the base frame
with 
B. Connecting Stiffness
Up to now the 6D spring related to object motion is derived. The following part addresses the springs connecting the fingertips with the virtual object frame. With these springs we can adjust the grasping forces. The setpoints l i,des for the stiffness relationship as defined below are chosen manually to suffice the frictional constraints. The contact model is assumed to be PCWF and considering the 3DOF of each finger we propose to use 1D springs connecting each fingertip position x i with the virtual object frame (compare Fig. 3 ). The potential is chosen to be spherical for each fingertip:
with Δx i = x i − x O and l i,des as the desired distance from the fingertip i to the virtual object frame x O , and K Conn,i > 0 the corresponding connecting stiffness. The contribution to the control law (5) can be obtained and simplified to 
Rewriting this equation in matrix form gives further simplification
with
We use the concept of virtual work to recognize Δẋ = [ Δẋ 1 , . . . , Δẋ N ] T = J connθ as a differential relationship between the distance of each finger to the virtual object and the hand configuration. K Conn = diag{K Conn,1 , . . . , K Conn,N } is the stiffness matrix of the connecting springs. In equations (11), (16) and (21) we obtained the differential mapping from the hand motion to object motions and change 1 Throughout this paper diag{·} applied to a matrix extracts its diagonal elements. Applied to a vector the output is a matrix having the vector on its diagonal.
of distance between the fingertips to the object:
whereẋ ∈ R (6+N ) represents generalized coordinates. This stacked Jacobian is useful for a compact derivation of the damping parameters.
The object workspace can be a function of
• the hand joint limits,
• the manipulated object geometry,
• and the admissible regions of contact on the fingertips. If the object workspace is known, we can add another potential to equation (6) to generate a repulsive force close to the objectlevel workspace boundary.
IV. DAMPING DESIGN
So far, only the stiffness behavior has been derived. Adding damping terms we can shape the transient behavior based on the desired stiffness and the inertial properties of the handobject system. Let Dx be the damping matrix related to the generalized coordinatesx as defined in equation (22) we write
In order to assign the desired behavior to the closed-loop system we use the corresponding stiffness matrix Kx = blockdiag{K O,t , K O,r , K Conn }, the joint-level inertia matrix of the hand M(θ) and the inertia matrix of the object M O ∈ R 6×6 . The kinetic energy of the hand-object system can be written as
Mapping the joint-level inertia matrix to generalized coordinates gives M H,x (θ) = J tot M(θ) −1 J T tot −1 . Extending the second summand in (24) to generalized coordinates and factorizingẋ out, we can identify an inertia matrix related to generalized coordinates as
In our particular case the diagonal elements within the inertia matrix Mx(θ) are dominating, so that only those values are considered for the damping design. With this consideration we do not need to calculate the complete Mx(θ), but we can look at diag{diag{ J tot M(θ) −1 J T tot }} −1 avoiding the inversion of a dense (6 + N ) × (6 + N ) matrix. The diagonal elements of Dx(θ) are chosen as
where ξ i ∈ [0, 1] represents the desired damping factor corresponding to the coordinatex i . For each generalized coordinate the damping is limited to a maximum value. If we want to use the complete inertia matrix we can apply the damping design by double diagonalization presented in [18] .
Since the damping matrix D(θ) is determined for the case including the object inertia we provide a conservative choice of damping in the case the object is not yet grasped. In case a finger looses contact during manipulation its inertia is less than in contact with the object. Leaving the damping coefficient constant the effective damping for this finger will be increased enforcing stability.
V. EXPERIMENTS
The presented control law is implemented on the DLR Hand II. The hand has four fingers with 3 DOF each, resulting in overall 12 DOF. For each joint motor-and link-side position and link-side torque are measured. In the distal link a 6 DOF force-/torque sensor is integrated covered by a hemispherical fingertip. Details on the hand hardware can be found in [19] . The control law was implemented using the Real-time Workshop of MATLAB/SIMULINK in combination with the tool chain offered by RT-LAB [20] . The code generated from the SIMULINK model runs on QNX on a Pentium IV with 3 GHz with a controller sample time of 1 ms.
The desired control torque from equation (5) is used as set point for a low-level torque controller which is based on the joint torque measurement, and offline estimated static and viscous motor friction parameters.
The control law is evaluated in two experiments: A) Pure object rotation and B) Pure object translation. For both experiments a toy ball with a diameter of 0.11 m and a weight of 0.1 kg is grasped.
The stiffness matrices and the overall damping coefficient ξ are parameterized as described in Table I . 
A. Object Rotation
The grasped ball is rotated around the virtual object z−axis by commanding a step Δβ O,z = 0.6 rad (see Fig. 4 ). at t = 10 ms is presented in Fig. 5 , where a high peak in the z−component can be observed. In steady-state the overall impedance torque converges to a value smaller than 0.06 Nm. The residual error stems from joint friction 2 . Since the fingers are interconnected over the object, the remaining friction effects sum up over all fingers. In Fig. 6 we observe changes of the object impedance force f O in the magnitude of 2 N during the rotation indicating that the coupling between rotation and translation is small. Looking at the connecting forces f Conn in Fig. 7 , two remarks can be stated: Firstly, the variations of the connecting forces are about half the magnitude of the changes of the object impedance force. Secondly, relating f Conn,1 to the thumb and considering its opposing position relative to the other fingers (compare Fig. 3 ), 
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Object Euler angles error one can see that the thumb has to work against the opposing fingers in this hand configuration. The rotational object error depicted in Fig. 8 has a very similar transient behavior as the corresponding object impedance torque m O .
B. Object Translation
In the second experiment, we commanded a step in the translation of the object along the y−axis with Δx O,y = 0.06 m (Fig. 9) . In Fig. 10 a jump of f O at t = 10 ms can be observed. At steady-state f O converges to 4.6 N. m O is influenced by this motion in the magnitude of 0.5 Nm showing a small coupling effect between object translation and rotation. Again, in Fig. 12 it can be observed the unbalance of f Conn for the same reason as in the previous experiment. Note that the closed-loop eigenfrequencies for the rotational and the translational stiffness have the same magnitude. The 
VI. CONCLUSIONS AND FUTURE WORK
A robust and intuitive control law for object-level manipulation was presented. Given an initial position for the fingers we can specify object translations, rotations, and connecting forces. The basis for this control was the virtual object frame which is defined by the positions of the fingertips. Realizing the object motion and grasp force control as spring-damper systems we need not to track the contact states. Stability of the control was ensured even if a finger slips or lifts off the object. The controller was implemented on the DLR Hand II and experimental results confirmed its performance. Clearly, the evaluation of the friction constraints is important and will be integrated in future work. The planning of contact points on arbitrary objects can be applied (e. g. see [21] ). The connecting forces, respectively how to set l i,des , will be included. Furthermore, the design of the connecting springs will be investigated since they are a simple model to represent soft fingertips.
The proposed control law has a similar structure to the robot arm controller for the DLR light-weight robots proposed in [18] . The DLR Hand II is mounted on the end-effector presenting a hand-arm system with 7 + 12 DOF. We can now extend the presented object-level control law on the whole object-hand-arm system.
